Abstract: Reaction
INTRODUCTION
In the last two decades, polyoxometalate derivatives incorporating inorganic ligands [1] and, in particular, the tetrahedral phosphate [2] ion have been intensively investigated because this family of inorganic clusters has a wide variety of compositions and considerable structural versatility [3] . Also, inorganic clusters of this kind display important magnetic [4] , optical [3] , and catalytic properties [3] . In marked contrast, heteropolyanions containing the pyramidal sulfite anion as ligand are very limited [5] . The sulfite anion has C 3v symmetry and contains a nonbonding, but stereochemically active pair of electrons, and its metal-compounds may potentially display nonlinear optical (NLO) properties [6] , which are observed in the metal-selenites [7] and metal-iodates [8] . Metal-sulfite chemistry is very attractive in view of its potential for restricting the serious environmental problem of acid rain [9] . V 2 O 5 is used as an industrial catalyst for the production of sulfuric acid, through oxidation of SO 2 to SO 3 at 400-600°C. Crude oil may contain up to 4 % vanadium mainly in the form of V IV O 2+ -porphyrines [10] , which are transformed to V 2 O 5 on burning. The existence of V 2 O 5 in the atmosphere may cause health hazards and the oxidation of SO 2 to SO 3 (acid rain). Thus, it is of vital importance to study the interaction of vanadium with the sulfite anion. Herein, we report the synthesis and structural and physicochemical characterization of the oxovanadium(IV)-sulfite clusters (NH 4 
RESULTS AND DISCUSSION

Synthesis of compounds 1-3
The synthesis of the oxovanadium(IV)-sulfite compounds is summarized in Scheme 1. It is obvious from Scheme 1 that irrespective of the conditions used in the interaction of vanadium-SO 3 2-system, more specifically: (i) source of vanadium (V IV OCl 2 or NH 4 V V O 3 ); (ii) temperature (room temperature or 70-80 °C); (iii) counterion (Na + , NH 4 + , or n-Bu 4 N + ); and (iv) pH (pH range ~2.5-4.5) the same V IV /SO 3 2-cluster, is as yet unknown. Compounds 1 and 2 were prepared in a different way from that reported in the literature [5c], and the yield of compound 2 was almost quantitative (~90 %). When compounds 1 and 2 were prepared using a V IV compound as a vanadium source, the SO 3 2-plays a dual role as ligand and in raising the pH value of the solution, whereas the use of a V V compound as the vanadium source introduces an additional role for the sulfite anion, as a reducing agent.
X-ray crystallography
Crystal data and details of data collection for compounds 2 and 3 are listed in IV (µ 4 -O) 2 (µ 3 -OH) 2 ] → V IV cluster represents a novel structural motif [11] . The temperature dependence of the susceptibility data for compound 2 revealed an overall ferromagnetic behavior [5b]. Compound 3 crystallizes in the orthorhombic space group Pbcm and exhibits a 2D open-framework structure. The crystallographically unique vanadium ion of 3 resides in a distorted octahedron comprised of four equatorial sulfite oxygen atoms, as well as an oxygen atom from a water molecule and an oxo group, which occupy the axial positions (Fig. 2) . The 2D structure of compound 3 (Fig. 3) is a layered net of VO 6 octahedra, each sharing four corners with four adjacent sulfite trigonal pyramids. The connectivity between the VO 6 octahedra and the sulfite trigonal pyramids creates an openframework compound with eight-and four-ring windows.
© 2005 IUPAC, Pure and Applied Chemistry 77, 1529-1538
Oxovanadium(IV)-sulfite compounds 1533 In marked contrast to polyoxometalates (POMs) containing the tetrahedral phosphate group, the POM-SO 3 2-chemistry is rather limited. More specifically, except of the POM-sulfite compounds reported in this paper the following molybdenum-sulfite species have been reported: [Mo 18 [3a,14e] . The structural features of the vanadium-SO 3 2-compounds 2 and 3 have no vanadium-PO 4 3-precedents. No tungsten-SO 3 2-or mixed-metal (V/Mo)-SO 3 2-species have been reported thus far. From all these data, it is crystal clear that SO 3 2-gives a very rich chemistry with unprecedented structural motifs, new sulfite bonding modes (µ 9 , µ 6 , µ 3 ), and novel physical properties.
Electrochemistry
A cyclic voltammetric examination of compound 2 in acetonitrile at ~0 °C revealed an one electron quasi-reversible redox process at 0.67 V vs. NHE (Fig. 4) and two irreversible redox processes at 1.25 and 1.42 V vs. NHE the quasi-reversible redox process at 0.67 V was assigned to the oxidation of the V IV atom to V V and is summarized in Scheme 2. The irreversible redox processes are assigned to the oxidation of the sulfite groups, and this assignment is based on the fact that Na 2 SO 3 gives two irreversible peaks at E/values very close to those observed for 2 (Table 2 ). When the switching potential is in the range, 0.3-1.4 V, the metal-based redox process is not influenced by the first oxidation of the sulfite groups as shown in Fig. 4b , and this of course means that the hexanuclear species retains its integrity in solution. In marked contrast, when the switching potential is in the range, 0.3-1.6 V, then the second oxidation of the sulfites results in the disappearance of V IV /V V redox couple (Fig. 4c) , presumably because of the decomposition of compound 2. 
CONCLUSION
In conclusion, we have prepared a series of oxovanadium(IV)-sulfite compounds by simply reacting V IV OCl 2 or NH 4 V V O 3 with either (NH 4 ) 2 SO 3 or Na 2 SO 3 . These V IV O 2+ -SO 3 2-species represent the first examples of vanadium-sulfite compounds. The hexanuclear oxovanadium(IV)-sulfite cluster, (n-Bu 4 N) 2 {[V 4 IV (µ 4 -O) 2 (µ 3 -OH) 2 ](V IV O) 2 (µ 3 -SO 3 ) 4 O 4 (H 2 O) 2 } 2, exhibits a unique structural motif, not only for vanadium but for any metal atom. The 2D structure of compound 3 represents a rare example of an open-framework compound isolated under mild conditions (~20 °C). The vanadium-sulfite chemistry is completely different from the vanadium-phosphate chemistry from the structural point of view. The temperature dependence of the magnetic susceptibility data for compound 2 revealed an overall ferromagnetic behavior, which is unexpected for V IV clusters. The preparation of 1-3 and of the molybdenum(V/VI)-SO 3 2-compounds further emphasizes the great ability of the seemingly pedestrian sulfite anion to act as a ligand in polyoxometalates. Taking into account the findings from the vanadium-SO 3 2-and molybdenum-SO 3 2-chemistry, it is certain that new metal-SO 3 2-compounds would appear in the near future with novel structural features, new modes of coordination for the SO 3 2-group, and unique physical properties. The synthesis of new vanadium(IV)-SO 3 2-and molybdenum(V/VI)-SO 3 2-species by variation of temperature, pressure, counterions, and pH as well as of tungsten(VI)-SO 3 2-and mixed-metal vanadium-molybdenum-SO 3 2-compounds are future challenges. In addition, the NLO properties of the noncentrosymmetric metal-sulfite clusters should be studied.
EXPERIMENTAL SECTION
Physical measurements
IR spectra of the various compounds dispersed in KBr pellets were recorded on a Perkin-Elmer Spectrum GX FT-IR spectrometer, CV measurements were carried out using a PAR model 273A elec-
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Scheme 2 Oxidation of the V IV atom to V V .
trochemistry system. Platinum wire reference and auxiliary electrodes and a platinum disc working electrode were used in a three-electrode configuration. Ferrocene (0.665 V vs. NHE) [15] was used as internal reference. The supporting electrolyte was n-Bu 4 NClO 4 (~0.1 M), and the solute concentration was ~10 -3 M. The half-wave potential E°2 98 was set equal to 0.5(E pa + E pc ), where E pa and E pc are anodic and cathodic cyclic voltammetric peak potentials, respectively. The number of electrons for each wave was calculated from rotating disk voltammograms and by comparing the height of the peaks in the rotating disk voltammograms. All experiments were carried out under a dinitrogen atmosphere in dry CH 3 CN; because compound 2 decomposes slowly in CH 3 CN, the solutions were cooled at 0 °C in order to reduce the decomposition rate. The decomposition of the complex was monitored by CV, and no decomposition was observed during the experiments, over a period of 30 min. First method To a stirred aqueous solution (20 mL, pH = 9) of (NH 4 ) 2 SO 3 (2.0 g, 14.7 mmol) was added dropwise an acidic aqueous solution (5.5 mL, pH = 0) of V IV OCl 2 [13] (0.68 g, 4.95 mmol) . Upon addition of V IV OCl 2 , a sequence of color changes [from deep brown-black (pH ≈ 7-8), through deep green (pH ≈ 5-7) and green-blue (pH ≈ 4) to blue (pH ≈ 3)] was induced as the pH of the solution was gradually falling. The solution was heated to ≈70 °C, without magnetic stirring, for almost 6 h, and then it was cooled to room temperature (≈20 °C) and filtered to obtain light blue crystals of 1. Second method NH 4 V V O 3 (0.60 g, 5.1 mmol) was dissolved in aqueous hydrochloric acid (37 % HCl in water, 1:4 v/v, 20 mL, pH = 0). A solution (15 mL, pH = 9) of (NH 4 ) 2 SO 3 (2.0 g, 14.7 mmol) was added to it. Upon addition of (NH 4 ) 2 SO 3 , the yellow color of NH 4 V V O 3 changed to blue and the pH of the solution was ≈3. The solution was heated to ≈70 °C, without magnetic stirring, for 6 h, and then it was cooled to room temperature and filtered to get light blue crystals of 1. Yield: 0.49 g (68 %, based on vanadium). Compound 2 was prepared in a fashion similar to that used for 1 (first method) except that Na 2 SO 3 was used instead of ( NH 4 ) To a stirred aqueous hydrochloric acid (37 % HCl in water, 1:4 v/v, 2.0 mL, pH = 0) solution of NH 4 V V O 3 (0.60 g, 5.1 mmol), solid magnesium oxide (0.59 g, 14.6 mmol) was added in one portion. Then, addition of solution of (NH 4 ) 2 SO 3 (4.50 g, 45.9 mmol) in water (15 mL, pH ≈ 9) to it resulted in a color change from yellow to blue-green. The final pH value of the solution was 4. The solution was filtered and the filtrate was left for crystallization in an open vessel at ambient temperature (~20 °C). After two days, blue hexagonal crystals were formed, which were filtered and dried in air to get (1.1 g, 30 % based on vanadium) of compound 3. 
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